The interaction of the dye acid alizarin violet (AVN) with three transition metals was followed spectrophotometrically in water and in micellar solutions of the cationic cetyltrimethylammonium bromide (CTAB), the anionic sodium dodecyl sulfate (SDS) and the nonionic triton X-100 (TX-100). The stoichiometric ratios for the complexes of AVN with each metal ion were determined by the mole ratio and the continuous variation methods. In water, the metal to dye ratios in the complexes were 1:2,
ABSTRACT
The interaction of the dye acid alizarin violet (AVN) with three transition metals was followed spectrophotometrically in water and in micellar solutions of the cationic cetyltrimethylammonium bromide (CTAB), the anionic sodium dodecyl sulfate (SDS) and the nonionic triton X-100 (TX-100). The stoichiometric ratios for the complexes of AVN with each metal ion were determined by the mole ratio and the continuous variation methods. In water, the metal to dye ratios in the complexes were 1:2, 1:3 and 1:1 for Cu 2+ , Co 2+ and Ni 2+ , respectively. For Ni 2+ the ratio changed to 1:3 in micellar CTAB. All other ratios were unchanged in the three micellar solutions. The formation constant (β n ) of the complex in water was 1.00 × 10 10 
Introduction
Chromogenic ligands have been used in quantitative determinations of heavy metals by spectrophotometric methods [1] [2] [3] . Recent research revealed that surfactants improved the reliability and accuracy of these methods [4] [5] [6] . Two spectrometric methods, mole ratio and continuous variation [2, 7, 8] , have been widely used to study the composition of complexes. The former works well for weakly dissociated complexes and the latter is most useful when the dissociation constant is very large. For a moderately dissociated complex, considerable curvature results from the incompleteness of the reaction around the stoichiometric point. In such cases, intersection of one straight line through the points at low mole fractions with another line at high values gives the correct stoichiometry [2] .
In industry, metallization of dyes is carried out during the mordanting process in order to fix the dye to the substrate [9] . The introduction of metal to the azo group may cause a significant bathochromic shift due to the extended conjugation associated with metal chelation to the main chromophore [10] . Acid alizarin violet (AVN), [4-hydroxy-3-(2-hydroxy-1-naphthylazo) benzene sulphonic acid] (Scheme 1), was found to give good mordanting results [11] . Azo dyes can exist in two tautomeric forms: azo and hydrazo [12] . The change from the azo to the hydrazo tautomer is usually accompanied by a large red shift of the absorption band [12] . Absorption spectra in water and other polar solvent indicate that the hydrazo form is dominant. In less polar media, azo and hydrazo forms are both significant as evidenced by absorption maxima of metal complexes being somewhat close to those of the hydrazo forms of the reagent giving the highest contrast. The coordination behavior of azo dyes containing hydroxyl, amino or carboxyl groups in one or more of the ortho positions with metal ions shows a decrease in the stability of the metal compounds with increased acidity of the dye [13] .
The effect of surfactants on the absorption spectra and solubilization of azo dyes has been investigated [4, [14] [15] [16] . For o,o'dihydroxyazo dyes, spectral changes have been explained on the basis of selective solubilization, hydrophobic interactions and concentration effects on the micellar pseudo-phase. Several mechanisms have been proposed to explain the enhancement of solubility of organic compounds in general, and azo-dyes in particular in surfactants of organic compounds in general, and azo-dyes in particular [4, [14] [15] [16] . Models of interactions were also suggested and observed changes have been attributed to incorporation of the dye into micelles [4, 17] .
This work attempts to shed light on the nature of complex formation between AVN and Cu 2+ , Ni 2+ , and Co
2+
ions, in water as well as in micellar media.
Materials and Methods

Surfactants and Reagents
AVN was obtained from Aldrich as the sodium salt (C 16 H 11 O 2 N 2 SO 3 Na) and purified by recrystallization from ethanol. TX-100 (p-octyl-phenol (oxyethene) n , n = 9.5), SDS (sodium dodecyl sulfate) and CTAB (cetyltrimethylammonium bromide) were obtained from Sigma and used without further purification. Phosphoric, acetic and boric acids, and metal salts (NiCl 2 , CuSO 4 •5H 2 O, and CoSO 4 ) were of analytical grade.
Instrumentation
Absorption measurements were performed using a λ-5 
Measurements
The stoichiometry of dye-metal complexes was determined using the mole ratio and the continuous variation methods. Blanks were of the same solution composition but with the metal ion absent. In the mole ratio method, dye-metal solutions were buffered at pH = 7.5. The ratio (moles of dye/moles of metal) was varied in the range 0.20 -10 such that the amount of metal was kept constant but that of the dye varied. For each solution, absorbance at λ max was plotted against the mole ratio (moles of dye/moles of metal). The procedure was repeated with 1.00 mM CTAB, 1.00 mM TX-100 and 4.00 mM SDS. In the continuous variation method, the total number of moles of dye and metal was kept constant, but each solution contained different mole fractions of dye and metal. All solutions were buffered at pH 7.50. Absorbance of each complex at an optimal wavelength was plotted against the mole fraction of dye and used to determine the stoichiometric composition of the complex ion. Measurements were performed in triplicates. For equilibrium constant measurements, two sets of solutions were prepared. The first, used to obtain calibration curves, contained AVN in excess 0.270 mM and the concentration of the metal ion, which was limiting, was varied in the range 8.00 -40.0 µM. The absorbance of the complex was recorded at a wavelength at which the most significant change was observed. Calibration curves were obtained by plotting absorbance of each solution at that wavelength vs. the concentration of metal ion (equal to that of the complex). In the second set, the metal ion concentration varied in the range 0.120 -0.400 µM, whereas that of the dye was fixed at 0.680 µM. Constant ionic strength was maintained by addition of 1.07 M NaCl. The pH of all solutions was maintained at 7.50. All solutions were thermostated at 25.0˚C. The same procedure was used in the presence of micellar surfactants: 1.00 mM for both CTAB and TX-100 and 4.00 mM for SDS. Measurements were performed in triplicates. HIn H In pK
Results and Discussion
At 25.0˚C and I = 0.100 M, pK 2 and pK 3 are 7.00 and 12.8, respectively [18] . Thus at pH = 7.50 the dye is mostly in the H 2 In − and HIn 2− forms. It is believed that the hydroxyl group of naphthol may assist only partially in the coordination with metal ion [18] . For AVN, the oxide ion on the benzene ring and the nitrogen atom of the azo group are most probably involved in the coordination [9, 12, 19, 20] . From a steric point of view, it is probable that the nitrogen atom involved in the coordination is the one that is farthest from the oxide ion, so that a six membered ring is formed. It has been suggested that azo dyes with o-hydroxyl azo groups react with Cu 2+ so that the β-nitrogen atom bonds to Cu 2+ with its sp 2 lone pair to give a six membered ring [21] . The Cu 2+ complex with AVN and with the similar benzene azo-β-naphthol may thus consist of two molecules of azo dyes centrosym-metrically disposed about the central copper ion, with the two oxygen and β-nitrogen atoms of the azo group forming a square. The molecule as a whole is not planar, with the azo group lying out of the plane of the β-naphthol residue and the benzene ring [22, 23] 
(Scheme 2).
Similar studies in the presence of micellar concentrations of CTAB, TX-100 and SDS reveal identical stoichiometry (Figure 1) . For CTAB, the dye molecules are incorporated in CTAB micelles, with their negative (hydroxyl) groups near the Štern layer [18] . Since the dye chelating sites are concentrated at the micelle surface, the metal ion bonds readily to two dye molecules in the vicinity of this layer. For TX-100, a nonionic surfactant, the dye chelating centers are more likely located at the polarizable Štern layer but its hydrophobic portion is incorporated in the micelle core. The arrangement of sur- factant micelles serves to guide dye molecules towards the metal ion. The deep penetration of dye molecules in TX-100 micelles can be also explained on the basis of the ability of metal ions to be closer to the Štern layer, where negative portions of the dye molecules are present. Thus the complexation geometry is not affected on moving from water to micellar media. For SDS, an anionic surfactant, the negative polar head groups are oriented outside its micellar core, thereby preventing dye molecules from substantially approaching it. This allows the dye retain its aqueous media properties. Figure 2 summarizes the results of the mole ratio method for Co 2+ -AVN, in water and in the presence of CTAB, SDS and TX-100. The plots show that the metal: dye ratio is 1:3 in water and that this ratio is not affected by micellar surfactants. It is noteworthy that 1:3 ratio was shown to exist for other azo dyes [22, 23] . In these complexes, the nitrogen atom of the azo dye, side by side with the oxide atom, is involved in complexation (Scheme 3). The results with Cu 2+ and Co 2+ indicate that surfactants do not affect the stoichiometric composition for AVN complexes with these ions. Thus neither CTAB, a cationic surfactant, nor TX-100, a nonionic surfactant, affect the stoichiometry of complexes containing more than one dye molecule. It is evident that 1:2 or 1:3 complexes in water are geometrically stable, and thus micellar media do not exert significant chelating influence.
Co 2+ -AVN
Ni
2+ -AVN The mole ratio method gives 1:1 metal to dye ratio for Ni 2+ and AVN in aqueous media (Figure 3 ). This ratio is not affected by micellar concentrations of either TX-100 or SDS. However, in the presence of CTAB, this ratio changes from 1:1 to 1:3. Ni 2+ reacts with o,o'-dyhydroxy azo dyes in 1:1 ratio and in a square planar geometry with the dye exclusively in the azo form [9] . In this case, only one additional H 2 O molecule is needed to complete coordination (Scheme 4). In the presence of CTAB, the dye molecules are redistributed in such a way that, in the vicinity of the Stern layer, their negative sides are close to the positive heads of CTAB. In this configuration, CTAB may act as a solid support, promoting bond formation between the metal ion and three, instead of just one, dye molecules. It would thus appear that whereas Ni 2+ is generally unable to chelate three dye molecules in aqueous media, CTAB micellar media offer a suitable solid support and catalyst carrier for dye molecules, thereby allowing some metal ions to chelate more dye molecules. Octahedral geometry may be the preferred one in the presence of CTAB, where two sites in the dye molecule are involved (O − ,N) and a coordination number of six is obtained with Ni 2+ (Scheme 5). TX-100 does not provide the same positive support as CTAB because dye molecules are deeply penetrated inside micelles, thus a shielding effect is ex- pected which keeps the ionic sites of the dye away from metal ions. SDS, with its negative head groups, retains the same aqueous environment for the dye, thereby preserving the 1:1 ratio. Table 1 summarizes the stoichiometric coefficients for the complexes studied in this work.
Effect of CTAB, TX-100 and SDS on the Formation Constants of Complexes
The formation of a coordinate complex between a metal (M) and a ligand (L) can be represented by M + nL ↔ ML n , where nth overall formation constant β n is given by
As β n is concentration dependent, activity coefficients are held constant by maintain solutions at constant ionic strength. [ML n ], [M] and [L] represent the equilibrium concentrations of complex, metal ion and ligand. Calibration curves are used to determine the complex concentration after equilibrium is established. Calibration curves were obtained by using excess AVN (6.80 × 10 −6 mole) with known amounts of metal ions (2.0 × 10 −7 to 1.0 × 10 −6 mole). In this case it is assumed that all metal ions are complexed so that complex concentration would be identical to that of the metal ion used. Calibration curves are obtained by plotting absorbance vs. moles of metal (or moles of complex). In order to obtain β n , dye and metal ions are mixed with concentration ratios close to the stoichiometric ratio. Absorbance of these solutions is then compared with that in the calibration curve. Thus the number of moles of complex can be calculated from the calibration curve, and the unreacted metal and dye can be estimated from the initial values.
Two sets of dye-metal solutions are needed: 1) Calibration set in which the dye is in excess (6.80 × 10 −6 mole) and the metal ion is limiting (2.00 × 10 −7 to 1.00 × 10 −6 mole). In this case moles of metal ions used are assumed to be equal to moles of complex formed.
2) Equilibrium set in which metal ions and dye are used in nearly stoichiometric concentrations. Moles of 2 ), applicable in water and in the presence of surfactants, as it was shown that surfactant addition was not accompanied by a change in stoichiometric composition of the complex. Table 2 shows that addition of CTAB and SDS increases, whereas TX-100 lowers, β n . The lowering of pK 2 ' of the dye by CTAB [18] is expected to promote complex formation. By contrast, since TX-100 increases pK 2 ' of the dye [18] , it should also lower the complex formation constant. As the oxide ion on the benzene ring is included in the coordination with metal ions [22, 23] , the complexation process may be retarded. SDS role is more open to speculation. This is because SDS gives a slight decrease in ionization constant of dye [18] but gives a higher β n than water. Micelles of CTAB as a solid support and catalyst carrier of dye molecules may enhance the stability of the complex, TX-100 micelles may have a negative effect due to shielding of dye molecules.
Formation Constant of Co
2+
-AVN β n was calculated for Co 2+ -AVN in water and in the presence of surfactants. The 1:3 metal to dye ratio gives
. The equation is valid in water as well as in and the presence of surfactants, because surfactant addition does not alter the complex stoichiometry. β n was calculated for the complexes in water and in the presence of micellar surfactant concentrations Table 2 ). Addition of either TX-100 or SDS lowered β n . SDS also gave values of β n that are also lower than those with no surfactant. For Co 2+ , the absence of surfactant is better than their presence. Low values of β n in case of SDS, TX-100 and CTAB can be explained on the assumption that the complex with three dye molecules is very stable in aqueous medium, while in presence of CTAB and TX-100, the ionic part of dye molecules may be partially shielded by micelles because of the penetration of dye molecules inside the micelle.
Formation Constant of Ni
2+
-AVN β n was calculated for Ni 2+ -AVN in water and in the presence of the three surfactants ( Table 2) . The metal to dye ratio changed from 1:1 in water to 1:3 in CTAB. Thus β n is given by [complex] It is apparent that β n undergoes a large increase with CTAB addition whereas TX-100 slightly lowers it. For Ni 2+ , β n follows the sequence: CTAB >> SDS > no surfactant ≥ TX-100.
The effect of CTAB on the stoichiometry of Ni 2+ -AVN relates to its effect on β n . Since CTAB micelles provide solid support for AVN and alter the complex stoichiometry from 1:1 to 1:3, it appears that these micelles substantially and selectively increase the ability of Ni 2+ to coordinate to AVN chelating sites. As a result, the complex stability is increased. The mode of complexation for Ni 2+ with AVN in the presence of CTAB is shown in Scheme 6, which demonstrates that, a single Ni 2+ ion is confined between three micelles in order to attain 1:3 ratio.
Conclusion
The addition of CTAB, SDS or TX-100 had no effect on Cu 2+ -AVN and Co 2+ -AVN stoichiometry. However, CTAB raised the metal to dye ratio for Ni 2+ -AVN from 1:1 to 1:3. This was explained on the supposition that CTAB acts as a catalyst carrier and forms solid support for AVN, thereby enabling Ni 2+ to bind to three AVN molecules, rather than just to one. CTAB attracts AVN towards its micelle core, thereby enhancing complexation with metal ions. TX-100 decreases β n for all three complexes but CTAB raises that of Cu 2+ -AVN, and SDS results in slight lowering. For Co 2+ -AVN, the drop in β n accompanying CTAB addition is presumably due to the large size of the complex, which contains three dye molecules. In this case, micelles may retard complexation and lower the formation constant. For Ni 2+ -AVN, CTAB caused a large jump in β n , indicating a highly stable complex structure. However, SDS resulted in only a small increase in β n , which can be attributed to the 1:1 ratio in this complex.
